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ABSTRACT 
During the past several years variable speed drives have become much less expensive for higher horsepower applications. 
This has created an opportunity to utilize this type of system in variable load mine ventilation applications where the tradi-
tional solutions were to use "in-flight" controllable pitch fans, variable inlet vanes or constant load systems and ignore the 
opportunity for power savings. 
This paper explores the basic characteristics of each type system and some of the advantages that each system offers for 
specific mine ventilation applications. The relative capital cost and operating cost of each type systems are also presented. 
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INTRODUCTION 
Over the past several years the capital cost of AC Variable 
Frequency Drives (VFD) for making higher horsepower has 
steadily decreased, making fans with VFDs an attractive 
alternative to the traditional solution of "in-flight" control-
lable pitch fans and variable inlet vanes (VIV) for variable 
volume mine ventilation systems. In comparing systems for 
a specific application it is important to be aware of the dif-
ferent characteristics of each type of system to make the 
optimum selection. 
The three types of systems react quite differently under 
partial load which gives each type system some unique at-
tributes that make them better for specific mine applications. 
This paper explores some of the differences of each system, 
the operating characteristics that make one system intrinsi-
cally better for specific applications and a general compari-
son between the operating and capital cost of each system. 
Types of Systems 
Variable Speed Drive Systems (VSD): The fan with variable 
speed drive system involves the use of a standard centrifugal 
or axial fan with a device to change speed to meet the sys-
tem requirements. There have been a number of devices 
available over the years capable of varying the fan speed, 
but the most common today is the AC electronic speed con-
trol (VFD) which produces motor current that simulates a 
sine-wave form at various frequencies (Hertz). This allows 
the fan to be operated at any speed up to the limitation of the 
fan motor or VFD by changing the frequency of the power 
applied to the induction motor. When considering the use of 
a VFD it is necessary to give consideration to the motor in 
the system since the variable speed drive affects the effi-
ciency characteristics of the motor. 
"In Flight" controllable pitch fans: The controllable pitch 
fan is an adjustable pitch fan that is capable of changing the 
pitch of the blades while the fan is operating at full speed. In 
large fans(+ 200 kW) the mechanical mechanism to change 
blades is usually actuated through a hydraulically controlled 
rotating cylinder with linkages to adjust the individual 
blades. This type fan has been used in the power generation 
industry since the 1960s and, although mechanically much 
more complicated than their adjustable pitch at rest counter-
parts, have provided good service with only moderately 
elevated maintenance requirements. The controllable pitch 
feature is limited to axial type fans. 
Variable inlet vane control: Variable inlet vanes (VIV) are 
most commonly used on centrifugal fans to adjust the fan 
performance characteristics. The VIV is actually an inlet 
damper that produces a spin or vortex to the air entering the 
fan impeller. By adjusting the pitch of the blades on a VIV 
the amount of spin is increased or decreased which changes 
the flow-pressure capability of the fan. This type control is 
still widely used on large mechanical draft applications. A 
variation of this type control is the inlet box damper that can 
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establish and control inlet air rotation in the inlet box of a 
centrifugal fan. 
Characteristics and Efficiencies of Each Type Fan System 
To understand the variable speed fan system it is best to 
begin with the operating curve of a fan at a ftxed blade an-
gle and speed with an arbitrary system curve. By adjusting 
the speed and utilizing the basic fan laws a new curve can 
be established at the new speed. It should be noted that the 
fan efficiency at the new speed at ·the point where the fan 
operating curve intersects the system curve is the same for 
both speeds. Considering that the selection of speeds is infi-
nite between the zero and the maximum speed, a high effi-
ciency zone ( +80o/o) can be achieved that begins at the ori-
gin and is bounded by parabolas that intersect the high pres-
sure and low pressure 80o/o efficiency point on the operating 
curve. This is the efficiency profile for a centrifugal or ftxed 
pitch axial fan used in conjunction with a variable speed 
drive. The zone of high efficiency for a single blade angle of 
an axial fan is depicted in Figure 1. 










When the variable speed drive is used with an adjustable 
pitch "at rest" axial fan the potential zone of high efficiency 
is increased to included the area bounded by parabolas that 
intersect the tangent of the 80% efficiency "eye ball" on the 
operating curve (Figure 2.) This gives a wide range of high 
efficiency operating points that can be achieved by either 
adjusting the pitch of the fan or the fan speed. 
The in-flight controllable pitch fan has a range of fan 
operating characteristics that match the overall characteris-
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Figure 2. A fan curve showing expanded fan efficiency zone 
when a variable speed drive is used. 
by the mechanical limitations of the in-flight controllable 
pitch mechanism. Typically mechanisms are limited to 25· 
30 degrees of movement but some models offer a wider 
range of pitch control without the need to reset the range of 
motion. The potential zone of high efficiency is the area 
bounded by the 80% efficiency "eye ball" on the operating 
curve (Figure 3.) 
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Figure 3. Fan curve showing expanded high efficiency 
(>80%) zone provided by a in-flight controllable pitch 
mechanism. 
The variable inlet vane control system begins with a fan 
operating at the full open position which is the nonnal oper· 
ating characteristics of the fan. To obtain flow and pressure 
control the vanes are closed to alter the performance char· 
acteristics. Figure 4 depicts a typical centrifugal fan per· 
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fonnance curve with additional performance curves for 
dampered operation. 
There are two primary issues relating to the perfonnance 
of fans with inlet vane control: the change in efficiency of 
the fan as the damper operation changes and the resistance 
of the inlet vane control adding to the overall system resis-
tance. The changes in efficiency related to inlet vane control 
operation is somewhat complex because it is a function of 
the basic fan performance of the specific type fan the 
damper is used on. The peak fan efficiency does not neces-
sarily follow the system line as inlet vane control operation 
is increased from the wide open point. Typically, the effi-
ciency is reduced due to movement to lower efficiency areas 
of the basic fan curve. Resistance losses of the damper also 
increase progressively as the inlet vane control is closed. At 
low levels of actuation the increase is relatively small, but 
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Figure 4. A typical centrifugal fan performance curve with 
additional performance curves for dampered operation. 
COMPONENT LOSSES & EFFICIENCIES 
Variable Inlet Vane Control 
The efficiency loss caused directly by variable inlet vane 
control systems is limited to two areas: increased resistance 
to the system and in the control mechanism for the vanes. 
The amount of resistance losses caused by Variable Inlet 
Vane equipment is somewhat predicated on the design of 
the VIV, but, normally in well designed systems the losses 
should be 75 Pa (0.3 in. WG) or less which in a typical 5 
K.Pa (20 in. WG) system is 1.5 %. The control mechanism 
requires a certain amount of torque to actuate the vanes 
which is based on the size and resistance of the VIV mecha-
nism. In large fan systems this can be as much as 6 kW (8 
HP). 
Controllable Pitch Fans 
The controllable pitch mechanism causes very little effi-
ciency penalty in operation. The only increase in power 
from operation is the power required to change or hold the 
blade pitch. This is usually reflected in electric power re-
quire to operate the hydraulic pump for pitch control. Typi-
cally, the maximum power required is 2% or less with run-
ning power reduced by the actuator cylinder or rotor design. 
AC Motor Efficiency 
AC Motor efficiency depends on several variables such as 
the size of the motor, rated speed, load, speed control, de-
sign, High Efficiency, etc. Table 1. Shows how some of 
those variables affect the efficiency of the motor. This gen-
eral data can be used for estimation of the motor efficiency. 
The rated efficiency of a specific motor can be found from 
the motor name plate or motor catalogue. 
Table 1. Effect of some AC Motor drive variables on the 
motor efficiency. 
Variable Direction of the Range of the 
effect effect 
Rated HP of The higher the HP From 70% (1 
the motor the higher the effi- HP) to 97%, 
ciency (500 HP) 
Rated speed of 4-pole motor is Several per-
the motor more efficient than centage points 
2- and 6-pole motors 
Motor load Maximum effi- n = 0 always at 
ciency at about 7 5% zero load and 
load n rated + max 
3% at 75% load 
High effi- Higher efficiency Few percentage 
ciency motor than the standard points 
motor 
Speed control Non sinusoidal volt- About one per-
by AC Drive age of the Drive centage point 
increases losses and 
reduces efficiency 
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AC Motor Efficiency With and Without the Drive 
An AC motor has two types of losses: rotating losses and 
resistance losses. Rotating losses are practically constant 
and independent of the load or the type of supply. The ro-
tating losses consist of iron losses and frictional losses. No 
Load losses are typically about 10-15% higher with the AC 
Drive supply than with the sinusoidal supply. The additional 
losses with the AC Drive supply are Resistance losses in the 
stator and rotor. Some motors with high rotor resistance 
may have higher additional losses and the deration should 
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Efficiency curves of different molor sizes 
50 100 
Motor Load (% of Rated Load) 
Effiency at 1 00% Rated Load 
150 
(Approx. Rated Power) 
-70%(1HP) 
-o-75'1o(2HP) 
- 80'1o(3 HP) 
_.... 85%(7.5 HP) 
-oo%(20HP) 
........ 95%(200HP) 
Figure 5. Motor efficiency versus motor load. 
Resistance Losses in stator and rotor are proportional to 
the square of the stator current. These losses increase when 
the load increases. The additional losses with the AC Drive 
supply are caused by the increased resistance losses in both 
the stator and rotor. The Full Load losses are typically about 
10-15% higher with an AC Drive supply than with the sinu-
soidal supply. 
AC Drive Efficiency 
AC Drive efficiency is similar to the motor efficiency. The 
losses are in form of thermal power but the output is in the 
form of electric power instead of the mechanical in the mo-
tor. The losses in the drive are developed in different parts 
of the equipment. The No Load Losses are mainly leaking 
currents in the components and the power lost in the cooling 
of the equipment. Most AC driv€s are cooled by a cooling 
fan but water cooling is used for high power drives to re-
duce the space required. No Load Loses are about 10% of 
the total drive losses at full speed and load. Load Losses are 
mainly developed in the two converters of the drive. At 
rated load the rectifier losses are about 30% and inverter 
losses about 60% of the total losses at rated load. See Fig-
ure 6. 
1.5 
Inverter Losses = ca. ki * (Inverter Current) 
1 5 
Rectifier Losses= ca. kr *(Inverter ~ower) 
Leak Current + Cooling Fan = ca. Constant 
Figure 6. Losses under different motor loading. 
It is important to note that the load of a VFD is not zero at 
zero speed because the motor current is still flowing causing 
load losses in the drive. Figure 7 shows that the losses at 
rated speed and rated load are about 2 to 2.5% of the nomi-
nal power of the drive. This results in VFD efficiencies of 
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Figure 7. Drive losses versus motor speed. 
Drive System Efficiency 
Drive system efficiency is defined as the mechanical output 
power of the motor divided by the electric input power into 
the drive unit. The total system efficiency is always zero at 
zero speed but the drive alone still has a quite high electrical 
efficiency because it maintains about 1 Oo/o load when sup-
plying the motor with power equal to the resistance losses. 
VFDs output comes in two types: variable torque and 
constant torque. When selecting and analyzing efficiency 
graphs it is essential to remember what kind of load is con-
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AC Motor Efficiency With and Without the Drive 
An AC motor has two types of losses: rotating losses and 
resistance losses. Rotating losses are practically constant 
and independent of the load or the type of supply. The ro-
tating losses consist of iron losses and frictional losses. No 
Load losses are typically about 10-15% higher with the AC 
Drive supply than with the sinusoidal supply. The additional 
losses with the AC Drive supply are Resistance losses in the 
stator and rotor. Some motors with high rotor resistance 
may have higher additional losses and the deration should 
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Resistance Losses in stator and rotor are proportional to 
the square of the stator current. These losses increase when 
the load increases. The additional losses with the AC Drive 
supply are caused by the increased resistance losses in both 
the stator and rotor. The Full Load losses are typically about 
10-15% higher with an AC Drive supply than with the sinu-
soidal supply. 
AC Drive Efficiency 
AC Drive efficiency is similar to the motor efficiency. The 
losses are in form of thermal power but the output is in the 
form of electric power instead of the mechanical in the mo-
tor. The losses in the drive are developed in different parts 
of the equipment. The No Load Losses are mainly leaking 
currents in the components and the power lost in the cooling 
of the equipment. Most AC drives are cooled by a cooling 
fan but water cooling is used for high power drives to re-
duce the space required. No Load Loses are about 10% of 
the total drive losses at full speed and load. Load Losses are 
mainly developed in the two converters of the drive. At 
rated load the rectifier losses are about 30% and inverter 
losses about 60% of the total losses at rated load. See Fig-
ure 6. 
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Inverter Losses= ca. ki • (Inverter Current) 
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Figure 6. Losses under different motor loading. 
It is important to note that the load of a VFD is not zero at 
zero speed because the motor current is still flowing causing 
load losses in the drive. Figure 7 shows that the losses at 
rated speed and rated load are about 2 to 2.5% of the nomi-
nal power of the drive. This results in VFD efficiencies of 
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Figure 7. Drive losses versus motor speed. 
Drive System Efficiency 
Drive system efficiency is defmed as the mechanical output 
power of the motor divided by the electric input power into 
the drive unit. The total system efficiency is always zero at 
zero speed but the drive alone still has a quite high electrical 
· efficiency because it maintains about 1 0% load when sup-
plying the motor with power equal to the resistance losses. 
VFDs output comes in two types: variable torque and 
constant torque. When selecting and analyzing efficiency 
graphs it is essential to remember what kind of load is con-
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0 Flow(%) 
Figure 10. Diagram showing operation cost for different 
systems. 
to detennine the best method for achieving the lowest total 
cost. System requirements over time, opportunities to util-
ize reduced fan performance, the system characteristics at 
reduced flow and the availability of capital all significantly 
affect the choice of systems. 
CONCLUSION 
The current trend toward lower cost variable frequency 
drives is expected to continue over the next several years 
offering expanded choices for achieving savings through 
speed controlled performance. In-flight controllable pitch 
fans and centrifugal fans with VIV s will also continue to be 
part of the selection available. The unique characteristics 
and operating features of each type fan will make them a 
compelling choice for applications that are primarily suited 
to their special characteristics. 
In making a fan selection for a specific application the 
critical criteria is to establish all the operating parameters 
expected over the life of the unit. By carefully reviewing 
the capabilities of alternative fan systems against operating 
constraints and opportunities for savings a selection can be 
made that offers very significant long term cost savings. 
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